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control, in. the way described below in this section. Content-addressable me- 
mories which have provisions for the with in -memory masking are named functional 
memories (FMs); for the implementation of logic functions, they usually in- 
clude some auxiliary circuits for the collection of responses from the match- 
ing words, too. These constructs, as introduced by FLINDERS et al. [3.59], 
as well as GARDNER [3.60.61], have the same objective as the microprogram 
memories, i.e., to make the detailed machine operations and the control logix . 
programmable. The FMs in fact allow the representation of truth tables in a 
highly compressed form. 

It turns out that for the representation of the three symbols 0, 1, and 
(5, at least two binary storage elements per bit cell are needed. Pairs of bit 
values can be assigned in four different ways to three symbols, e.g., 0 (1,0), 
1 « (0,1), and P <^ (0,0). In a hardware design, two bistable circuits together 
with some comparison logic are needed for every bit cell. 



3.7.1 The Logic of the Bit Cell in the FM 

One schematic implementation of the FM bit cell, somewhat similar to that of 
the CAM bit cell shown in Fig. 3.3 but without addressed readout, is presented 
below in Fig. 3.22. 



state FFl FF2 

0' 1 0 

•1 0 1 

-0-0 0 



FFl 



FF2 



Fig. 3.22. Content-addressable reading function of the FM bit cell 



The central idea applied in this circuit is the following. If no masking in 
the search argument is used, in searching for '0' one has C^ = 0, C^ = 1, 
and in searching for '1' there is C^ = 1, Cg = 0. Assume now that both flip- 
flops are in the 0 state corresponding to value '0'; since there are only 
gates 6^ and G2 connected to the M line, contrary to the double gates Gg and 
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Gy of Fig. 3.3, no mismatching signals can be caused on the M at any value 
combination of and C2 whatsoever. 

Only a few electronic implementations of the above principle have been 
suggested, although all basic circuit constructs of the CAMs are in principl 
amenable to the FM. 

3.7.2 Functional Memory 1 

The first of the FM types [3.19] is intended only to implement disjunctive 
forms of Boolean functions. They all can be expressed in a general form 

VPl P? P 
(Aj A A2 A ... A A^") (Pi.P2.....P„) 6 P (3.17) 
r 

Where the superscript p,, i = 1,2, ..,n is assumed to attain one of the 
values 0, 0, and 1, P is a set of combinations of the superscripts, and 
A^ is an operational notation with the meaning 

A? = ff^. = 1, and aJ = A. 

The expressions J. and A. are named liteTale corresponding to an independent 
variable A^. 

The notations expressed in (3.17) have now a very close relationship to 
the so-called compressed truth table which is obtained, e.g., by the well- 
known Quine-McCluskey method (cf, e.g., [3.62]), The following example. Table 
3.5, shows a usual and a compressed truth table, respectively. 

Table 3.5. An example of truth tables 



Usual 






Compressed 




A B 


C 


F 


ABC 


F 


0 0 


0 


0 


0 1 0 


1 


0 0 


1 


0 


1 0 0 


1 


0 1 


0 


1 






0 1 


1 


1 






1 0 


0 


1 






1 0 


1 


0 






1 1 


0 


1 






1 1 


1 


0 
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In the combination of rows, the P signifies a "don*t care". It is also pos- 
sible to combine rows including P's in the same positions whereby new rows 
with more 0's are obtained. 

When comparing the compressed table with the Boolean expression (3.17) 
in which the same simplifications have been made as those which have led to 
the compressed table, then every row in the truth table corresponds to one 
product term in (3,17)j and the rou is identical with the word (Pj^fP2 »• • • »Pyi ) • 

Obviously, if the prevailing value combination of the independent logic 
variables is compared with all rows of the table, the matching of a row in 
all specified bit positions (i.e., when no attention is paid to the 0*s) can 
only occur at the rows shown. A comparison of this type differs from the 
masked comparison operations discussed with the CAMs in that 0 corresponds 
to a mask which is set within the table and not in the search argument. 

It is now possible to implement the compressed truth table using FM hard- 
ware, by storing the left half of the table in a special memory where content- 
addressable comparisons are performed. The memory cell, however, must then 
be able to attain one of three possible state values denoted by 0, 1, and 
0, respectively, and the bit comparison shall be masked out at 0. 

The FM Is also suitable for simultaneous representation of several Boolean 
functions. The FM then consists of two parts, named the Input Table and the Out- 
put Table, respectively. As an illustration, we shall consider the incremen- 
tation of 8421-coded numbers mod 16, according to [3.18]. The simplified 
Boolean functions for the result bits (R^) together with the carry (C), for 
all combinations of source bits (S^) are given as follows: 

C = S^aS^aS^aSq 

R3 = (S3aS2aS^aSq) V (S3a"^2) ^ (^s'^q) 

R2 = (^gAS^^ASQ) V (S^A^"^) V (SgA^Q) 

h = (^iaSo)v{SiA?q) 

Rq^^O . (3.18) 

The combined truth table is shown in Table 3.6. The 0's of the Input Table, 
and the O's of the Output Table are indicated by blanks, and this convention 
shall be followed throughout the rest of this section. 

In the hardware implementation of the combined truth table, the Input 
Table has a similar FM counterpart as that described above, with MATCH signals 
obtained as outputs at every word line (row). Several logic sums are formed 
by OR circuits, one for every Boolean function. The inputs to these OR cir- 
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Table 3.6 





Input Table 


Output Table 


Row 


.S3 


^2 


h 


So 


C R3 




Rq 


1 








0 






1 


2 






0 


1 






1 


3 






1 


0 






1 


4 




0 


1 


1 




1 




5 




1 


0 






1 




6 




1 




0 




1 




7 


0 


1 


1 


1 


1 






8 


1 


0 






1 






9 


1 




0 




1 






10 


1 






0 


1 






11 


1 


1 


1 


1 


1 







cuits are taken from those word lines which correspond to the bit value 1 in 
the columns of the Output Table. 

It may be recalled that the main objective in the introduction of func- 
tional memories was the implementation of logic operations by programming. 
Accordingly, any specified hard-wired operations such as that described 
above in which word lines were connected to OR circuits according to the 
functions to be implemented, should not be allowable. The Output Table can 
now be made progranmable by providing every location in it, i.e., every 
crossing of the word lines and columns by a usual flip-flop which can be 
read by the word line signal, and connecting the output circuits of all flip- 
flops of one column by a Wired-OR function. The value 1 is written into all 
flip-flops in which the Output Table has them, and so the vertical output 
line at every column will receive a resultant signal which corresponds to 
the hard-wired operation diescribed above. We shall revert to a similar pro- 
grammed output operation with Functional Memory 2 below. 

Seavoh-Next-Read, Table 3,6 can further be compressed by introducing the 
Search-Next-Read function, as named by FLINDERS et al. The above example, 
due to its special properties, may yield a rather optimistic view of the 
applicability of this method, but similar cases may occur rather often. The 
central idea is that some input and output rows, not necessarily adjacent 
ones, may resemble each other. For example, in this example, Mnput row 2 has 
a 1 in the same position as output row 1 has it; if a read operation were 
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possible in the Input TabU, output row 1 could be represented by input row 2. 
If we would now make the convention that after searching for input rows, the 
next input rows are automatically read, output row 2 could be deleted. Simi- 
larly, the output rows 2. 3, 4, 5, 7, 8. and 9 could be deleted, because 
they have I's in the same position as the input rows 3, 4, 5, 6, 7, 9, and 
11, respectively, have them. (Notice that rows can be easily reordered in 
order to represent as many output rows by next input rows as possible.) A 
separate problem arises with output rows 6, 10, and 11, which cannot be re- 
presented by the next input rows. The solution is that these left-over out- 
put rows are added behind the corresponding input rows in the table, but. now 
every row is provided with an additional tag bU; for words not allowed to 
occur as search arguments, as for the three ones mentioned last, this tag 
bit is 1, and it is 0 for the rest of the words. The source word, the search 
argument, now has an extra bit in this position and its value is 0 during 
searching; during reading It is 1. The words provided with a tag 1. therefore,' 
cannot match with any search argument during searching, and do not interfere. 
During reading, the next to the searched word is always read. Table 3.7 shows 
the more compressed table. 

Table 3.7 







h 


^2 




^0 


Row 


Tag 


C R3 




h 


«0 


1 


0 








0 


2 


0 






0 


1 


3 


0 






1 


0 


4 


0 




0 


1 


1 


5 


0 




1 


0 




6, input 


0 




1 




0 


6, output 


1 




1 






7 


0 


0 


1 


1 


1 


8 


0 




0 






9 


0 






0 




10, Input 


0 








0 


10, output 


1 










11, input 


0 




1 


1 


1 


11, output 


1 


1 
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For instance, if the number obtained hw • 

venerated b. the functional ^^ly ^° 
matches With rows 1, 5. and 6 (in^ t and ^his 
and 6 (output) are r.ad out. T L OR,no 2. 6 (input). 

By neglecting the leading 1. t e Z \Z 1 7^'"''' '''' '^'^'^ ^'^^01. 

The tag concept can be developed ; her a " ''''' '"^''--t^ S. 

f for different sets of ro^s the sa" l .T""' combinations 
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-ch expressions, as will be dem t a " T " 
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1 J 
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f 1^ 
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F=C©(BaO) 
(a) 




O 

6 = Ca(BaD) 



Hl^^fs^ for Func- 



